For some time we have been interested in problems of surgical shock and the maintenance of an adequate circulating blood volume. The ultimate aim was to find out some of the characteristics of the 'ideal' plasma-expander molecule. This led us to study the permeability of the capillary membrane, the production of lymph, the return of the proteins from the extravascular space to the circulating blood and related problems.
In the earlier studies lymph from the leg, the liver and the cervical region was collected, and the transport of various molecular sizes of dextran from plasma to lymph from these regions was measured (Grotte, 1956; Arturson, 1961) . During these studies we found that lymph from the heart could be successfully collected. Lymph flows in considerable quantities from this organ and the flow is quite steady for several hours. In some experiments we also used the classical Starling heart-lung preparation (Areskog, 1962) on a dog in which we had cannulated one of the lymphatic trunks coming from the heart. As test substance, we used dextran fractions of suitable molecular distributions, with molecular weights ranging from 5,200-350,000 and also serum albumin tagged with 1311 or 1251.
Transport of Dextran of Molecular Weight 5,200 from Plasma to Heart Lymph Heart lymph was collected from a dog and the concentrations of the test substance were followed in plasma and heart lymph after a single injection of the substance (Fig. 1) . It was found that the concentration of dextran in heart lymph rose rapidly and equilibrated with that of the plasma. In the latter part of the experiment the concentration of dextran in heart lymph was somewhat higher than that of plasma due to the rapid elimination from plasma via the kidneys. The Transport of Dextran of Molecular Weights 10,000-90,000 from Plasma to Heart Lymph In these experiments the transport from plasma to lymph of a dextran fraction of somewhat larger molecular weight (10,000-90,000) was studied. Here the heart lymphatic was cannulated, and both kidney pedicles clamped to prevent kidney elimination of the test substance. Then dextran was introduced into the plasma by a single injection, after which the concentration of the test substance was followed in plasma and heart lymph for several hours (Fig. 2 ).
In this case the concentration of the test substance in heart lymph soon approached that of the plasma. 
STUDIES ON HEART L YMPH
There is no equilibration, but after approximately two and a half hours the concentration ratio of lymph to plasma (CL/CP) reaches a more or less 'steady state'. These curves, however, show the total concentration of all molecular sizes (M = 10,000-90,000) of dextran molecules in plasma and lymph respectively. When the 'steady state' is reached after about two and a half to three hours, the distribution of the various molecular weights is determined according to the method of Wallenius (1954) and Wallenius, Waschewsky, Aronsson and Hegedus (1960) . The concentration of each molecular weight class of dextran in lymph can then be compared with that of plasma, as shown in Fig. 3 , where the ratio CL/C, is plotted against the molecular size of the test substance. This figure demonstrates the relative obstruction presented by the capillary wall to various sizes of dextran molecules. The dextran molecule with M about 5,000 is obviously rapidly equilibrated, i.e. the ratio CL/C, is unity ( Fig. 1 ), but for molecular weights of about 30,000-40,000 the ratio C,LC, falls rapidly.
These results are in good agreement with earlier experiments, where lymph was collected from the leg and the cervical region of the dog. Accepting the pore theory of capillary permeability, we believe that these water-soluble molecules pass through some aqueous channels probably situated between the endothelial cells of the capillary wall. The size of these pores must then be somewhat larger than the passing molecules and, from the theories of Pappenheimer (1953) , it may be calculated that, if the membrane is fairly isoporous, the radius of these pores must be about 35-45 A (Arturson, Areskog, Grotte and Wallenius, to be published).
Transport of Dextran of Molecular Weight 100,000-350,000 from Plasma to Heart Lymph Already in 1931 Drinker and Field demonstrated the normal presence in lymph of all the plasma proteins and the extravascular circulation of the plasma proteins.
After injection of dextran of larger molecular weights (100,000-350,000), all these molecular sizes are found in heart lymph in about the same proportions as in the plasma, although the total concentration in the lymph is much lower than that in the plasma. Fig. 4 shows that the ratio CL/C, for these larger molecules is fairly constant with increasing molecular size, i.e. the transport of these larger molecules from plasma to heart lymph seems quite independent of molecular size. The effective diffusion radii of these larger dextran molecules have a magnitude of about 120 A. Their presence in lymph can then only be explained by the presence in the capillary membrane of larger 'leaks' of at least this dimension. Since the concentration of these larger molecules is usually low but of a fairly constant value, we must assume a relatively constant frequency of these 'leaks' under normal conditions. Similar 'leaks' have been demonstrated in the leg and cervical region. In the heart experiments a higher CL/C, ratio for these larger molecules was found.
This may be explained by a larger number of 'leaks' in the heart capillaries. Using plastic balls (methylmethacrylate) with an effective radius of about 300-700 A, we have shown that these balls, which have approximately twice the size of the larger plasma proteins, do not pass from plasma to heart lymph. This indicates that the radius of these capillary 'leakg' is about 120-300 A (Grotte, Juhlin and Sandberg, 1960) .
Transport of 1311 Albumin From Plasma
to Heart Lymph In order to study the transport of protein molecules from plasma to lymph, serum albumin tagged with 1311 and 1251 (human as well as dog serum albumin) was used as a test substance. In these experiments dog heart-lung preparations were used, in which the lymphatic draining mainly the left side of the heart was cannulated. After the operative procedures, when the preparation was working steadily, the test substance was injected into the circulating blood. The concentration of this test substance was followed in plasma and heart lymph for several hours. A typical experiment is illustrated in Fig. 5 . In the heart-lung preparation the total capillary surface area is considerably reduced compared with that of the whole animal, and the plasma concentration of the tagged serum albumin is thus kept fairly constant for several hours.
After injection of the test substance the concentration in heart lymph rises rapidly, approaching that of the plasma. The concentration increase of the labelled substance in heart lymph shows a time course indicating that from the intravascular compartment the substance was mainly distributed to a single extravascular compartment. The data could thus be explained by a two-compartment model and the permeability constant and the size of the extravascular albumin space drained by the lymphatic cannula could be calculated (Grotte, Areskog and Arturson, to be published).
Theoretical values for the rise of the concentration of 131I albumin in heart lymph were calculated according to the equation C*L = Y K. A*p (1-e-Kst) (Solomon, 1953) , where C*L = concentration of '31I direct transport has recently been given by Swann, Stegall, Collings and Miles (1961) .
We have tried to elucidate this problem in the following way. A tracer dose of 1311 albumin was injected intravenously into a dog, and 24 hours later, when the tracer had reached a steady concentration in the heart lymph, the heart-lung preparation was prepared and the lymphatic from the heart was cannulated. As soon as the condition of this preparation was satisfactory and steady, an exchange transfusion was made, whereby all the circulating blood containing 1311 albumin was replaced by blood containing 1251 albumin in a tracer dose. The concentration of 1251 albumin was then steady in the plasma for several hours. The rise of the concentration of 1251 albumin was followed in the heart lymph, as well as the fall of the concentration of the now only extravascularly distributed 131I albumin (Fig. 6 ).
With the aid of 1251 albumin the extravascular distribution volume of albumin in this preparation could be calculated from the equations given above. When both the extravascular distribution volume and the fall in the activity of 1311 albumin are known, it can be ascertained whether all the 1311 albumin appears in the lymphatic cannula or if there are any other transport routes, e.g. directly through the capillary wall back to the circulating blood. Our preliminary data show that the direct transport of albumin from the extravascular compartment back to the circulating blood is of minor importance and that the main transport route is via the lymphatics. Summary The sieving characteristics of the capillary membranes of the dog's heart were determined by using dextran molecules of different sizes. The results were interpreted according to the pore theory of capillary permeability, i.e. water-soluble molecules pass through 'aqueous channels' between the endothelial cells. It seems possible that the capillary regions so far investigated by this method (leg, cervical regions and heart) have a similar functional ultra-structure: the capillary membranes are penetrated by a large number of pores of an approximate radius of [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] A and also by 'leaks' of a radius of about 120-300 A but few in number.
These results are to some extent in agreement with investigations using electron microscopic techniques (Bennett, Luft and Hampton, 1959) .
When using dextran as a plasma expander our studies corroborate the view that dextran ofmolecular weight of about 50,000, i.e. slightly above the kidney threshold, will be adequate for volume expansion, as judged during normal physiological conditions. This is also supported by studies of plasma disappearance of dextran in humans (Arturson and Wallenius, 1964) . The effective diffusion radius of these dextran molecules is similar to that of serum albumin. Our studies have also given some quantitative data on the transport kinetics of albumin in the heart tissue of the dog, its volume of extravascular distribution and the recirculation of albumin from the extravascular compartment.
